Four-point probe characterization is a standard method for studying the electrical properties of solids and thin films. The probe spacing in four-point probe technique has to be reduced to micro-scale to obtain expected surface sensitivity and spatial resolution. Therefore, microscopic four-point probes (M4PPs) need to be combined with some microscopy techniques. Two types of M4PPs systems have been developed in the past few years, which are monolithic micro-four-point probe and four-point scanning tunneling microscopy probe approaches. This paper reviews the latest development of M4PPs including probe structure and principle measuring theories. The probe fabrication approaches are discussed in detail. It is shown that focused ion beam lithography is a promising method to fabricate probes with sub-50 nm spacing. This approach has advantages of high precision and maskless nanoscale fabrication. Probe life and sample surface damage are the other two main challenges for microscopic four-point probe technique. To deal with such problems, we can use flexible cantilevers as the probe and keep a certain angle between the probe and the sample surface.
Introduction
Four-point probe characterization is a standard method for studying the electrical properties of solids and thin films in material science and semiconductor industries due to its low demand on sample preparation and high accuracy. As the scaling of electronic devices continues, novel nanoscale materials and biomaterials are being developed. In order to adapt to this situation, the spacing of four-point probe technique must be reduced to microscale to obtain expected surface sensitivity and spatial resolution. Microscopic four-point probes (M4PPs) is defined as a four-point probe whose probe spacing is several micron or sub-micron. This requires that four-point probe technique must be combined with the micro technology. In fact, with the help of microscopic technique, various M4PPs have been developed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . They are mainly divided into two types, i.e. monolithic micro-four-point probes and four-point scanning tunneling microscopy (STM) probes. According to reports, the minimum probe spacing of the former is 300 nm fabricated by focused ion beam [4] and the space can be reduced to 30 nm by using PtIr-coated carbon nanotube (CNT) as probe tips [6] . Currently, the monolithic micro-four-point probe has been commercialized with minimum probe spacing of 1.5 m.
Since its development in 1999 [9] , micro-four-point probes technique has been proved to be very useful for characterizing the electrical properties of solids and thin films with extra high resolution and accuracy. For example, it has successfully been used to determine the conductance of semiconductor surfaces for cases where the conductance of the space charge layer and the bulk are negligible as compared to that of the surfaces [18, 19] . The M4PPs is now an important metrology tool for developing magnetic tunnel junction devices such as hard disk reading heads and magnetic random access memory [20] . Recently, even micro Hall effect measurements with M4PPs have been applied for characterization of semiconductor films. This technique has advantages of high precision and very fast characterization of sheet carrier density and mobility with minimal sample preparation [21] . Moreover, the newly developed materials such as conducting plastic thin films and biomaterials may have some unknown properties which will be unique in the field of surface science and biological applications [22, 23] . It is thus necessary to evaluate the electrical properties of their surface and inter-surfaces by using M4PPs in order to establish the knowledge for predicting their behavior in real device situations.
In this review, we present the advances of M4PPs as the primary tool for electrical characterization with unsurpassed combination of resolution and accuracy. We address the device structure, measurement theories, probe fabricate technology and present state-of-art microscopic four-point probe technique and challenges they are faced.
Measurement theories
There are many developed measurement modes for conventional four-point-probe that can be classified into van der Pauw mode, collinear mode, square mode [24] , dual probe configuration mode [25] and other improved modes, respectively. The most common mode is collinear mode.
The principle of collinear four-point probe is illustrated in Fig 1. A current is made to flow through the outer probe pair and a voltage drop is measured across the inner pair using a voltameter with ultrahigh impedance. As a result, the measured voltage drop 'V' is predominantly occurred across the semiconductor surface due to the current 'I' flowing through the sample. The four point-probe resistance 'R' is then given by R=V/I.
For a measurement of semiconductor crystal or thin films, the M4PPs current will in principle flow through three channels, i.e., surface state, surface space-charge layer and bulk state (see Fig. 1 ). It is thus very difficult to precisely characterize the electrical properties owing to current contributions from these entangled channels. If the probe spacing is less than the thickness of the space-charge layer, the as-measured current will be mainly resulted from the surface region, which can thus diminish the bulk contribution. Studies show that, by reducing the probe spacing, we can minimize the influences of leakage current and surface defects and thus maximize the surface sensitivity [12] . There are two theoretical models for straight-line four-point probe resistance measurement based on infinite theory, infinite 2D mode and semi-infinite 3D mode as shown by formulas (1) and (2) (2) where s is the spacing between adjacent point contacts and r is their radius, s / b is uniform sheet conductivity of the sample under measurement. The r will be neglected because it is very smaller relative to probe spacing s. The calculation can use the following formulas [26] : (4) As compared with that of two-point measurement, four-point measurement is not only favorable for the irrelevance of the contact resistance but also has no assumptions about the contact shape and size. The measured resistance of 2D mode (see Eq. 3) does not depend on the probe spacing, but the 3D mode (see Eq. 4) gives rise to a higher four-point probe resistance for smaller probe spacing. Formulas (1)- (4) are only applied to the collinear fourpoint probe with an equi-distant probe spacing, but similar arguments can be made for other probe mode with variable probe spacing or probe geometries too [26] .
In order to make a comparative study on the accuracy of M4PPs, Kjaer et al [27] compared the results of M4PPs with that of conventional four-point probes on sample of low energy implants in lightly doped silicon treated by rapid thermal annealing. They show that the conventional four-point probe measured a few percent lower (< 6%) sheet resistances than M4PPs due to the junction leakage of the conventional four-point probes with large probe spacing. The absolute accuracy of M4PP measurements on ultra-shallow junctions (USJ) is difficult to be proved since no silicon USJ standards exists [20] . In Ref. 27 , the sheet resistance measuring repeatability as well as short term and long-term reproducibility was investigated. The short-term reproducibility was tested with both new and used probes for more than 1000 touches, while the long term test was run for 7 days. In all cases, the standard deviations of the repeatability and reproducibility of the sheet resistance data were less than 0.1%.
M4PPs along a beveled surface is a new approach for carrier profiling sub-30 nm junctions for which the conventional spreading resistance probes (SRP) is not reliable. Compared with SRP, M4PPs has many advantages. First, M4PPs is an absolute technique while SRP is comparative, i.e., no calibration samples are needed. Second, good reproducibility and high sensitivity could be obtained in M4PPs measurements. However, the SRP result is dominated both by the resistivity below the probe contact and by the sheet resistance around the probe contact. Such drawbacks limit the SRP accuracy on USJ. In contrary, M4PPs uses four orders of magnitude lower contacting force and is sensitive only to the surrounding area of the contacts. Recently, in a comparative study on beveled samples of USJ on both Si and Ge, Clarysse et al [28] showed that M4PPs is much less susceptible to carrier spilling and there is no need for probe calibration as in the case of SRP. But for both SRP and M4PP, the preparation of high quality bevel samples as well as carrier spilling due to junction displacements are still the main obstacle to be overcome [20] .
Petersen et al [21] reported a new micro-scale Hall effect method for the characterization of semiconductor thin films with no need for conventional Hall effect geometries and metal contacting pads. Micro Hall effect measurements were carried out with a moderate magnetic flux density B Z normal to the sample surface and in close to an insulating barrier parallel to the line of the four probes. In a known distance from the insulating barrier, the four-point resistance was measured in configurations B and B'. The resistance difference R BB' =R B R B' , which is simply related to the Hall carrier mobility H and Hall sheet carrier density N HS through a geometrical correction factor. The repeatability and reproducibility of the measurements on USJ is better than 1% and 1.5%, respectively [20] .
Accurate sheet resistance of small samples can be measured by M4PPs without using correction factors [25] . And using dual configuration, the sheet resistance may be extracted with high accuracy when the measurement is performed close to the mirror plane of small samples with dimensions of a few times of the probe spacing. For a probe-to-sample alignment with accuracy of ±2.5 m, the smallest testable area with measuring error less than 0.1 % is about 50×50 m 2 when an electrode pitch of 10 m is used. Wang et al [29] calculated the measurement sensitivities by simulating the four-point current transport in a thin sheet, because the assumption of homogenous sheet resistance is not always true. The relationship between sensitivity S can local sheet resistance variations R SL can be expressed as S=s 2 2 R S /( R SL A). Where, s is the probe spacing and A is the area. When equidistance probes are used for an infinite thin film, the sensitivity expressions for single and dual configurations mode can be given as:
where s is the probe spacing and R L is the local sheet resistance; while A, B and C signify three single configurations used in four-point probe measurements.
By calculating sensitivities of the local sheet resistance in single configuration measurements and dual configuration measurements, it was found that whereas single configuration four-point measurements exhibit both positive and negative sensitivities, while the dual configuration has purely positive sensitivity. The simulations proved that the measured sheet resistances are more sensitive to the area near the two inner probes while insensitive to the central position (see Fig 2(a) . It is also observed that the sensitivity is larger and more confined for smaller samples. The sensitivities of the measured dual configuration sheet resistance are always zero on the probe line except at the probe points because of the symmetric current flow (see Fig 2(b) ). In addition, when a sensitivity threshold of 0.1 is defined, the "sensitive area" is as within the radius of the probe spacing from the central point. Furthermore, they calculated the sensitivities of micro Hall effect measurements by using M4PPs. It was found that the Hall sheet resistance R H is sensitive to both local carrier density and local carrier mobility. 
Microscopic four-point-probes system
When the probe spacing is reduced to micro-scale, it has to be combined with some microscopy observation system like scanning electron microscopy (SEM). So far, various approaches have been proposed for four-point probe measurements. They can be mainly classified into two types: monolithic micro-four-point probes and fourpoint STM probes (see Fig. 3 ). 
Monolithic micro-four-point probes
Monolithic micro-four-point probes uses either four independent cantilevers as electrodes or four electrodes directly fabricated on the front-branches of a single cantilever. The most advanced is microscopic four-point atomic force microscope (AFM) probes with functions of four-point probe measurement and AFM observation [3, 14] . As shown in Fig. 4 , the equipment is integrated with a multimode AFM, a constant current source and a voltage preamplifier combined with a digital voltameter. The local conductivities of 6.0 m-thick Al and 350 nm-thick indium tin oxide (ITO) thin films are measured with scanning rate of 0.25 Hz. The four-point AFM probe technique is shown to have the capability of nondestructively measuring sub-micrometer electrical conductivity.
Normally, monolithic microscopic four-point probes is fabricated by using silicon based micro fabrication technology. Both microscopic four-point probes and 12-point probes are now commercially available. It consists of a probe chip with four or twelve parallel isolated individual cantilevers covered with conductive layer. The M4PPs or M12PPs is normally mounted on a ceramic substrate with gold covered Ag/Pd connector strips. Au bonding wires is used to establish electrical contacts between the cantilevers and the connector strips. The system is mounted at an angle of 30 with respect to the sample surface in the measurements.
The advantage of monolithic micro-four-point probes is that they are relatively easy operation and high stability, especially for temperature-dependent measurements. Such M4PPs fabricated on a single cantilever is much suitable for dealing with misalignment between the probes and sample. As a drawback, the probe spacing is fixed and linear.
Microscopic 12-point probes has been commercialized with minimum probe spacing of 1.5 m to deal with such problems (see Fig 3(b) ) [17, 30] . 
Microscopic four-point STM probes
Four-point STM probe method pioneered by Hasegawa et al [1, 10, 12] combines the conductance measurement with atomic resolution observation. With help of SEM, each probe can be precisely controlled with variable probe spacing for the four-point probe characterization as well as for manipulating nano-structures. It offers high flexibility and nanoscale resolution with probe spacing of 30 nm as-obtained by using PtIr-coated carbon nanotubes (CNTs) [6] . Moreover, it is has much smaller probe spacing as compared with that of monolithic micro-four-point probes. The major drawback of four-point STM probes is its complexity and high cost. It is also very difficult and complicated to control the four independent probes so as to make good probes/sample contacts.
Microscopic four-point-probes fabrication
Probe system is the most sophisticated key component in the microscopic four-point-probe instrument, so study of the probe fabrication becomes particularly important. With the development of micro-electro-mechanical systems (MEMS), the fabrication of four-point probes with nanoscale spacing has been realized.
Tungsten tip is usually used in four-point STM probes. Smaller probe spacing can be achieved by using metalcoated CNTs, which have advantages of very high stability, flexibility and small radius. Several methods can be used to prepare CNTs tips [31] : 1) attach a single CNT to a metal tip apex and e-beam deposition of amorphous carbon to strengthen adhesion; 2) directly grow individual CNT on metal-tip apex by chemical vapor deposition; 3) put single CNTs to the metal tip apexs using AC dielectrophoresis.
Using 5-nm-PtIr coated multiwalled CNTs with average 20-nm-diameter as the four-point STM probes, Yoshimoto et al [6] achieved minimum probe spacing down to 30 nm. They measured a single CoSi 2 nanowire and found that there are no significant damage on the sample in the measurements. Conductivity of copper wires was also measured by using platinum-coated CNTs four-point STM probes with spacing 70 nm at pressure of 10 6 Pa and room temperature. The resistance along the Cu wire increased linearly with the length increasing and width decreasing. Individual grain boundary scattering was observed when the probe spacing was varied on a scale comparable to the grain size of the Cu wires (~200 nm) [32] .
Fabrication of monolithic micro-four-point probes is similar to that of atomic force microscopy (AFM). Various four-point probes have been fabricated by MEMS methods so as to obtain higher spatial resolution. The substrate material of cantilever is typically either single crystalline silicon or polycrystalline silicon. Probe fabrication is usually divided into two steps. The first procedure is to fabricate cantilever by conventional photolithography and the second one is to make electrodes on tips of the cantilever. Figure 5 presents a typical fabrication process. Firstly, a silicon nitride AFM probe is fabricated by conventional photolithography. Then four parallel electrodes are introduced by fabricating three slits at the tip of the AFM probe by focused ion beam system. The four-point AFM probes has a 1.0 m spacing for the two inner electrodes and 1.5 m for the outer pair. Using the combination of conventional microlithography and electron beam deposition, Boggild et al [16] achieved a M4PPs with minimum spacing 350 nm. Each tip of four soft and flexible SiO 2 micro-cantilevers is grown with one narrow carbon tip in the same directions. A Ti/Au layer was deposited to make the tips conductive. It is shown that such probes are mechanically strong and durable. For example, a 700 nm-wide 1500 nm-long electrodes typically breaks at a deflection of 3~ 4 m, suggesting that the material is substantially tougher than that of SiO 2 . Nagase et al [4] developed a new system with 16 electrodes and dual cantilevers. One cantilever with four additional electrodes is used for resistivity measurements. The other one is for surface observation. The cantilever contacting forces were controlled using a piezo resistor in self-sensitive detecting mode.
Gammelgaard et al [17] tried a hybrid method with combination of E-beam and UV lithography to fabricate microscopic 12-point probes with minimum spacing 500 mm. The electrode tips and overlap area were written with e-beam lithography, while the other contacting parts were made by photolithography. The probes were used to measure the sheet resistance of ITO, Ru, and TiW at 11 Hz. The measurements were shown to be in good agreement with that obtained by commercially available Au probes.
Keller et al [13] designed a microscopic four-point probe with using the negative photoresist SU-8. The high flexibility of SU-8 ensures a stable electrical point contact between the sample and probe . Sheet resistances of thin films of Au, Al, Pt and Cu have been measured by using this M4PPs. As compared with that obtained by a commercial macroscopic resistivity meter, there exist no more than 5% difference. To reduce electrode wear, Petersen et al [33] designed a M4PPs with three-way flexible cantilevers for obtaining static mechanical contact with sample surface. The M4PPs consists of four L-shaped cantilever electrodes extending from the edge of a silicon support bar.
Recently, more novel M4PPs have been designed and constructed. Lin et al [7] demonstrated a silicon nanowirebased four-point probes (SiNW-4PPs). They used nano-manipulating procedure to attach 200-300 nm-long crystalline Si nanowires to each end of four SiO 2 cantilevers. The nanowires were coated with Ti/Au film for purposes of electric conduction and nanowire/cantilever bonding. Kim et al [11, 34] reported a smart M4PPs design with ultra-sharp in-plane tips arranged in a square with probe spacing of 20 m as fabricated by photolithography. The M4PPs consists of a supporting cantilever and four sub-cantilevers suspended symmetrically at the inner square frame of the supporting cantilever. A thermal actuator was integrated on each sub-cantilever. Such smart M4PPs can be also used as a gripper based on effects of thermal actuation and micro-heating.
The fabrication methods for M4PPs probes usually include photolithography, electron beam (E-beam) lithography, focus ion beam (FIB) lithography, and mix-and-match lithography etc. As summarized in table 1, the probe spacing is dependent on the capability of the corresponding fabrication methods. In despite of the complex and expensive system, FIB lithography is a very promising approach for high precision and maskless nanoscale probe fabrication. Sub-100 nm electrodes can be easily achieved by FIB growth. Mix-and-match lithography strategy, e.g. the combination of electron beam and UV lithography, is one of the other promising approaches. 
Problems of microscopic four-point probe technique
Probe spacing cannot be infinitely reduced due to many factors such as charge transfer and strength of probe material etc. Ansbak et al [36] analyzed the fundamental limitations of down-scaling a four collinear cantilever M4PPs with mechanical, thermal and electrical effects considered. They showed that the minimum spacing is about 950 nm as limited by factors of electro migration, probe fracture and sample heating. Much smaller spacing can be achieved by using mono-cantilever and by now the minimum spacing is about 300 nm [4] .
There are many problems in the miniaturization of microscopic four-point probes, probe lifetime and sample surface damage. Probe lifetime should be firstly considered for repeatable measurement. Types of probe failure include probe fracture and probe wear. A contacting force is necessary during the measurement in order to ensure good probe/sample surface electrical connection. However, the probe strength has been largely reduced with decreasing the probe diameter and the probes are easy to be fractured when the contacting force exceeds a threshold point. Some measures can be taken to reduce such problems: 1) change the structure of the probe tip; 2) using flexible cantilevers; 3) keep an angle between the sample surface and probe in the measurement and 4) deposit an adhesion layer between the base material and the electrode film. Sample surface damage is another important issue to be addressed. It is thus necessary to ensure the probe has a good contact but no damage with the sample surface. To solve this problem, one method is to use cantilevers with high spring constant [6] .
Conclusion
In summary, the research of M4PPs has been reviewed from viewpoints of system structure, operating principle and probe fabrication. Generally, M4PPs can be divided into two types, i.e. monolithic micro-four-point probes and four-point STM probes. In future studies, issues of sample surface damage and probe life need to be carefully addressed from aspects of: 1) Ultrahigh vacuum environment is necessary for performing precise measurements; 2) Probe spacing of monolithic micro-four-point probes still has scale-down room at least up to tens of nanometers; 3) The probes should be regularly cleaned to avoid the effects of tip surface oxidation and/or contamination; 4) More efforts should be made to understand how the testing mode affect the measuring results. Finally, it needs to avoid the sample surface damage from the SEM electronic beam system.
